We show that perchlorate hydrates, which have been detected at high circumpolar martian latitudes, have a dramatic effect upon the rheological behavior of polycrystalline water ice under conditions applicable to the North Polar Layered Deposits (NPLD). We conducted subsolidus creep tests on mixtures of ice and magnesium perchlorate hydrate, Mg(ClO 4 ) 2 Á6H 2 O (MP6), of 0.02, 0.05, 0.10, and 0.47 volume fraction MP6. We found these mixtures to be increasingly weak with increasing MP6 content. For mixtures with 60.10 volume fraction MP6, we resolved a stress exponent of n % 2 at low stresses transitioning to n % 4 above 10 MPa. Scanning electron microscopy of deformed specimens revealed MP6 to be distributed as an interconnected film between ice grains. These results suggest that grain boundary sliding (GBS) may be enhanced with respect to pure ice. As the enhancement of GBS is expected in polycrystalline aggregates containing a few percent melt or otherwise weak material distributed along grain boundaries, the observed n % 2 is consistent with the mutual accommodation of basal slip and GBS. If ice containing trace concentrations of MP6 is also much weaker than pure ice at low stresses, flow in the NPLD could be significantly enhanced, particularly at the warmer basal temperatures associated with higher martian obliquities.
Introduction
The Phoenix Mars Lander detected 0.4-0.6% perchlorate by mass in martian soils located at high northern latitudes (Hecht et al., 2009) . Considering the ubiquity of terrestrial perchlorate ðClO À 4 Þ within the Antarctic Dry Valleys , perchlorate is likely to be widespread in the martian polar regions. If the North Polar Layered Deposits (NPLD)-the largest surface reservoir of actively-exchanging water ice on Mars-contain a few percent dust (Langevin et al., 2005) with a perchlorate component similar to that observed at the Phoenix landing site, the effects of this phase may be sufficient to enhance flow rates in the NPLD. For example, Fisher et al. (2010) suggested that perchlorate brines in basal layers could indirectly facilitate flow in the overlying NPLD. In this work, we investigate the direct rheological effects of perchlorate upon polycrystalline ice deforming at martian polar temperatures.
The ice plus magnesium perchlorate (Mg(ClO 4 ) 2 ) system is of particular interest. This system has a eutectic melting temperature (T e ) of 206 K at 56 wt.% H 2 O (Fig. 1) , where the two phases are ice I and Mg(ClO 4 ) 2 Á6H 2 O, or ''MP6'' (Chevrier et al., 2009; Pestova et al., 2005) . More recently Stillman and Grimm (2011a) reported T e = 216 K based on dielectric permittivity measurements. Although Hecht et al. (2009) detected a variety of cations at the Phoenix landing site (in order of descending concentration: Mg 2+ , Na + , Ca +2 , K + ), the predominant form of perchlorate should be MP6, based on its stability at low temperatures (Robertson and Bish, 2011) .
The occurrence of a eutectic in icy systems generally means that at near-eutectic compositions and temperatures, the solid is weaker than pure ice. There are clear examples of such behavior in icy systems containing ammonia (Durham et al., 1993) and NaCl (De La Chapelle et al., 1995) . The weakening effect in the ice-MP6 system may be especially pronounced, given that the depth of eutectic melting with respect to the melting temperatures of the two end-member phases is so large (Fig. 1) . To test this hypothesis and quantify the effect, we conducted a series of deformation experiments on ice containing various concentrations of MP6.
Flow of icy systems exhibiting a eutectic
Steady-state rheological behavior can be described by the constitutive relationship (e.g., Poirier, 1985) _ e ¼ Ar n d Àp exp À
e is strain rate, r is differential stress (simply referred to as stress), d is grain size, P is pressure, T is absolute temperature, R is the universal gas constant, and A, n, p, E ⁄ , and V ⁄ are constants specific to the material and to the deformation mechanism. Several mechanisms of deformation have been observed in pure polycrystalline ice (Table 1) . Deformation in the laboratory of coarse-grained, pure ice is generally carried out and rate limited by dislocation creep, with grains changing shape through intracrystalline plasticity and accompanied by recrystallization. For ice at martian temperatures, grain size-sensitive mechanisms such as diffusional flow and grain boundary sliding (GBS) play an important role at low stresses. Diffusional flow, both within grain interiors as well as along grain boundaries, is expected on a theoretical basis (see references in Goldsby and Kohlstedt (2001) ); it is plausibly manifested in very low stress geological settings but has not yet been directly observed in ice in the laboratory. Secondary phases introduce a complexity to deformation that depends not only on volume fractions and constitutive relationships of those phases, but also their spatial distribution and chemical reactivity with the primary phase. The effect on ice flow behavior of inert materials such as hard particulates is well understood at high and low temperatures (Baker and Gerberich, 1979; Durham et al., 1992 Durham et al., , 2009 Hooke et al., 1972; Mangold et al., 2002) . However, systems of ice and secondary phases exhibiting a eutectic are far less predictable, owing to weak heterophase interfaces (at T ⁄ $ T e ) and the presence of a melt phase (T > T e ) that may enhance grain boundary processes.
Creep tests on partially molten aggregates of saline ice by De La Chapelle et al. (1995, 1999) revealed low n = 1.8 ± 0.2 behavior in the low-stress portion of the dislocation creep regime of pure ice-consistent with an enhanced rate of GBS. Hirth and Kohlstedt (1995) observed similar weakening in partially molten dunites, and argued that grain boundary diffusion and GBS were contributing more to deformation than activity of the stronger slip systems of olivine.
The enhancement of grain boundary processes in eutectic mixtures is expected at slightly subsolidus temperatures as well. McCarthy et al. (2011) found fine-scale ice-meridianiite (MgSO 4 Á11H 2 O) eutectic intergrowths to manifest a ''colony boundary sliding'' mechanism analogous to GBS in the range 0.85 < T/T e < 0.93. In general though, creep tests of ice-rich eutectic systems at subsolidus temperatures have not suggested enhancement of grain boundary processes, as most have been performed at relatively high stresses (De La Chapelle et al., 1995; Durham et al., 1993 Durham et al., , 2005 .
Experimental methods
Sample material of various compositions was fabricated by mixing measured amounts of granular ice (coarse-grained, 180 < d < 250 lm; and in one case fine-grained, 2 < d < 10 lm) with unsorted, finely powdered eutectic ice-MP6. The coarse-grained ice was ground and sieved, while the fine-grained ice was fabricated by rapid depressurization of the high-pressure ice II phase (Stern et al., 1997) . In both cases the starting material was pore-free ice frozen from deionized water, deaerated by freezing from bottom to top, excluding gas ahead of the freezing front. The eutectic mixture itself was made by dissolving anhydrous Mg(ClO 4 ) 2 in water at a H 2 O:Mg(ClO 4 ) 2 mass ratio of 56:44 ( Fig. 1 ), then cooling below T e . We determined degree of crystallinity of the frozen solid by X-ray diffraction (XRD) (Fig. 2, inset 3 ). Upon first cooling the solid is highly non-crystalline; it is also rather soft, with a consistency at 190-200 K of modeling clay. If T is cycled above and below T e , the material devitrifies dramatically, and also becomes much harder. (Agitation during cooling assists devitrification.) At this stage the material is sufficiently hard and brittle that it can be pulverized for the purposes of sample fabrication. When the T-cycled material is further pressurized above 100 MPa at the start of a deformation run, it becomes completely crystalline, within the resolution limits of XRD. Fig. 2 also shows cryogenic scanning electron microscope images of an ice-MP6 eutectic that we deformed at high pressure (run 603). The eutectic solid has a texture that is fairly typical of other eutectics, displaying interfingering of extended zones of the two component phases, ice and MP6 (discussed below in the ''Microstructural observations'' subsection).
Compressional creep (i.e., constant stress) tests on composite specimens of ice and MP6 were performed under elevated confining pressure in the gas-medium, cryogenic triaxial deformation apparatus described by Heard et al. (1990) . The purpose of confining pressure in this instance is not so much to simulate NPLD pressures (which are greatly exceeded here) as to suppress fracturing and assure martian-like ductile flow at laboratory strain rates, which are necessarily many orders of magnitude higher than in the NPLD. Cylindrical specimens approximately 25 mm in diameter and 60 mm in length were prepared by spooning mixed powders of desired composition into indium tubes, tamping lightly to remove large pores, then sealing the tubes to end plugs ( Fig. 3a ). All handling and storage was at 150 K or cooler. Once closed inside the deformation apparatus the sample was pressurized hydrostatically to 150 MPa for two reasons: to assure complete crystallinity, and and typically spaced $50 lm apart. Energy-dispersive X-ray scans of the remaining solid phase (inset 1) confirm oxygen, magnesium, and chlorine as the only measurable elements in the spectra in addition to hydrogen. Images at right show a section of sample after minor sublimation (top) and major sublimation (bottom) of the ice 20 min later. Many ice pods are isolated rather than interconnected below the surface. Detail of outlined box in lower right panel is shown in inset 2. Eutectic material was initially prepared by temperature cycling and slow cooling of the liquid phase below T e followed by pressurization, as discussed in the text, and shown by cryogenic X-ray diffraction (XRD) to produce a more highly crystalline material than cooling only (inset 3; compare lower XRD scan C to upper and middle scans A and B. Vertical lines locate H 2 O ice peaks.). All parts are sealed inside a tube of indium metal of wall thickness 0.5 mm, which keeps the gas pressure medium from entering the sample and assures an effective mechanical confinement. The bottom end cap includes an annular chamber that is mechanically shielded from the differential load, allowing comparison of deformed and undeformed material subjected to precisely the same temperature, pressure, and exposure time. A portion of the internal force gage extends from the top of the upper plug. (b) Run record for run 642 showing strain (blue, lower) and differential stress (black, upper) as a function of time. There were four steps in this run at four nominally constant levels of stress. Axial load is constantly adjusted upwards during the run to maintain constant stress as cross-sectional area of the sample increases. The adjustment is based on an estimate of real-time sample area. More exact post-test measurement of final sample area is then used to correct estimated real time area, and the slight slope to the stress curves at each step reflects this correction. The nonlinear relationship between stress and the rate of change of strain (n % 3 in Eq. (1)) is apparent in the four steps. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
to squeeze out all sample porosity that would otherwise interfere with the mechanical response to the applied shape-changing stress. Runs consisted of deformation steps at various stress and temperature conditions, and were all performed at a gas confining pressure of 50 MPa. An example of a stepping test is shown in Fig. 3b . Samples were shortened by a total of 10-30% over a period of hours to days, depending on conditions. The step-testing technique has the advantage of yielding several data points per run, but the disadvantage of potentially overlooking subtle but important strain-dependent effects. The immediate strain-rate response to a change in environmental conditions at the beginning of a step is usually transient (i.e., strain-dependent).
When the sample appears to have reached approximate steady state behavior, the current strain rate becomes the tabulated strain rate for that step. For the purposes of a reconnaissance investigation we assume that further strain dependence does not existan assumption that must eventually be confirmed by experiment.
Cryogenic scanning electron microscopy (CSEM) was used to observe the grain sizes and phase distribution of all samples in this study. Samples were shipped and prepared for CSEM at temperatures below $85 K, then transferred to a cryo-preparation station (Gatan Alto 2100) in which each sample was cleaved under vac-uum to produce fresh surfaces uncontaminated by water condensation. Samples were then transferred directly into a LEO982 field-emission SEM. A thermocouple embedded in the SEM sample stage monitored temperature throughout the imaging process. Images were taken at T < 85 K and vacuum below 10 -5 mbar.
Results and analysis

Creep results
Test conditions and creep results are given in Table 2 . We tested ten samples of MP6 volume fraction 0 6 X MP6 6 0.47 at 180 6 T 6 210 K in stepped tests that yielded 32 data points. One of the ten (639), a single-condition test, was a stacked assembly designed for a comparative measurement of X MP6 = 0.02 ice and coarsegrained pure ice. As stated in the previous section, the ice component in one of the nine mixtures (657) was fine-rather than coarse-grained. After discovering a strong effect of MP6 on strength and seeing signs of partial melt at 210 K (see below), we concentrated mostly on lower temperatures, predominantly 200 K, and on MP6 concentrations X MP6 6 0.10. The 32 data points are plotted in Fig. 4 along with temperature contours for the creep of polycrystalline ice of coarse-grained (Durham et al., 1992) and 5-lm grain size (Goldsby and Kohlstedt, 2001) .
The effect of MP6 on the ductile strength of ice is profound. All test specimens were less viscous than pure, coarse-grained ice at the same stress and temperature conditions. At 180 K the eutectic alloy X e = 0.47 is nearly 1.5 orders of magnitude less viscous than pure ice at the same temperature, and at 195 K the viscosity contrast is well over 10 3 . For samples of X MP6 6 0.10, Fig. 4 shows two distinct rheological regimes: above r = 10 MPa, log strain rate vs. log stress for a given concentration and temperature follows a slope n % 4 (Eq. (1)), which parallels that of pure ice in dislocation creep. Below 10 MPa, the data follow more closely the n % 2 trend of grain-size sensitive mechanisms seen in pure ice (Goldsby and Kohlstedt, 2001) . The effect of concentration on strength may be more pronounced in the n % 4 regime than in the n % 2 regime: there is a relatively small spread in strengths among the mixtures as they curve with decreasing r from the high to the low n regime.
It is not surprising that the one mixture involving fine-grained ice (small inverted triangles in Fig. 4 ) follows the n % 2 trend at r < 10 MPa since that is the expected behavior of pure, fine-grain ice (short dashed line in Fig. 4) . What is remarkable is that coarse-grained ice containing a relatively small amount of MP6 behaves rheologically like fine-grained ice. The behavior of this group of samples shows a rheological similarity to basal slip in single crystal ice: it not only has a strength in this same general region (long-dashed line in Fig. 4 ), but like basal slip is also insensitive to grain size. This point is discussed below in more detail. The data viewed as strain rate vs. X MP6 at constant stress and temperature show more clearly the magnitude of the weakening effect of MP6 (Fig. 5 ). Data are sparse and somewhat scattered, but for the most part consistently indicate that the profound weakening near X e continues to very low X MP6 . The best resolved measurement is that of the stacked assembly run 639, conducted at 190 K, which showed on the basis of comparative shape change a strain rate enhancement in X MP6 = 0.02 ice with respect to pure ice by a factor of 1.16 ± 0.04. Evidently strain rate enhancement over pure ice increases with temperature above 190 K, and if the estimated trends in Fig. 5 correctly characterize this behavior, there will continue to be significant strain enhancement at 200 K and above even for X MP6 < 0.01.
Partial melting
The two samples deformed at 210 K show almost unmistakable signs of having partially melted. Firstly they exhibited a viscosity drop between 200 and 210 K that was anomalously high given the temperature sensitivity of the viscosity of MP6 mixtures (and of pure ice) at lower temperatures (Fig. 5) . Secondly, and more convincingly, both samples lost volume during the experiments. External dimensions indicated volume loss, and a rigid $1 cm 3 internal plenum, which ordinarily remains empty during a deformation test, was filled with material that in one case was confirmed by density measurement to be of eutectic composition. The plenum communicates gas pressure with the sample through an axial hole 0.5 mm in diameter by 20 mm in length; the plenum is vented to atmosphere through a much finer axial hole in the force gage (i.e., inside the tube extending from the top of the assembly shown in Fig. 3a ). We cannot say at this point how much, if any, material escaped through the vent hole, or if the Clapeyron slope for eutectic melting is sufficiently negative that material resolidified upon entering the plenum. In any case, the material in the plenum was solid when viewed because the sample assembly cooled to 77 K before it was taken apart. The Clapeyron slope for melting of ice I is approximately À10 MPa/K; if that value has any relationship to the value for eutectic melting, then given the 50-MPa pressure drop between sample and plenum, our observation of melt formation at 210 K does not better constrain the P = 0 melting point relative to previously published work (Chevrier et al., 2009; Pestova et al., 2005; Stillman and Grimm, 2011b) .
Microstructural observations
Sections from all samples were observed by CSEM. The sample of eutectic composition X MP6 = 0.47 (Fig. 2 ) exhibits many regions with classic eutectic solidification microstructures similar to those described by McCarthy et al. (2007) , in which the hydrate phase forms a matrix around regularly spaced rods of ice I. Also similar to the McCarthy et al. (2007) work was the observation of rapid sublimation of the ice phase in all samples, in contrast to the behavior of pure ice samples that sublimate very slowly in the FE-SEM at comparable conditions. The sublimation effect is illustrated in the right-hand panels of Fig. 2 , which span a 20-min interval.
Figs. 6-8 show images from samples of X MP6 = 0.10, 0.05, and 0.02, respectively. The general appearance of ice grains rimmed by MP6 was consistently found throughout all mixed-phase samples, demonstrating the excellent reproducibility of phase distribution that in turn supports comparison of run results. In the absence of rigorous microanalysis of individual grains in these samples, we assume that the ice grains have little or no MP6 in their interiors, which is consistent with close inspection of the SEM images (e.g., Fig. 6c ). Quantifying the amount of ice present in the grain boundary matrix material is difficult, but comparison of the eutectic solid in Fig. 2 and the phase in wider grain boundaries in Figs. 6-8 indicates that the intergranular material is predominantly MP6. While much of the MP6 phase appears pitted and/or riddled with small cracks, these are largely an artifact of the high-vacuum conditions in the SEM column. This is illustrated by the time-lapse sequence shown in Fig. 7b and c: the early view (b) shows the relatively dense substrate of the MP6 phase, compared to its appearance 25 min later (c) where not only has the ice sublimated, but the surface of the MP6 has degraded as well.
At X MP6 = 0.10 and 0.05 ( Figs. 6 and 7) , the coating of ice grains by MP6 is complete-there are few, if any, direct grain-to-grain ice contacts. Distribution of MP6 in the X MP6 = 0.02 is sometimes more heterogeneous, although it still typically surrounds the ice grains ( Fig. 8) . At this point we cannot rule out the possibility that the heterogeneity is a mixing problem, so it is difficult to comment on rheological effects. Nonetheless, the similarity in overall phase distribution of the X MP6 = 0.02 samples in Fig. 8 (643 vs. 657) is striking: both show 100-300 lm diameter grains or domains of ice, even though those in 657 are domains composed of fine- (1), depending on the trend in Fig. 4 . Symbol shapes have different meaning from Fig. 4 , but color coding is the same. Curves are drawn by hand as estimated fits, without consideration of specific physical mechanism. The double inflection points appearing in the 190-K curve and implied in the 200-K curve suggest complexity in the physics. Arrows on the vertical axis indicate strain rates for pure ice at the three temperatures indicated. The horizontal axis is logarithmic to bring out detail rather than to imply a physical mechanism. Note that if plotted on a linear scale, the drop in strain rate (i.e., increase in strength) to the right of the peak at the eutectic composition would appear less precipitous than the one to the left of the peak. The curves to the right of the peak (dashed) are speculative and their locations are based mainly on the fact that the melting point of MP6 is well over 100 K higher than that of ice. The strain rate enhancement factor with respect to pure ice is well in excess of an order of magnitude even at relatively low X MP6 , and the factor increases with increasing temperature. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) grained ice rather than larger single grains. We observe thicker rims of MP6 in samples containing higher concentrations, although the faster sublimation of ice with respect to MP6 can sometimes exaggerate the apparent MP6 content.
The fine-grained X MP6 = 0.02 sample gives tantalizing clues about the kinetics of textural equilibration. Evidently the preponderance of the MP6 in this sample is on the domain boundaries, but on close examination of Fig. 8b , one sees a fine web of bright ridges extending from the domain boundaries a few tens of microns into the domains. Presumably the system is evolving in the direction of textural equilibrium, with MP6-rich material moving from the domain boundaries to coat the boundaries between individual ice grains. Fig. 9 shows closer views of these edges of the ice domain that solidly support this interpretation.
Similarities in geologically relevant materials to the microstructures seen here include the texture of wetting fluids (water, liquid show low magnification images of the overall sample structure, and the lower photos (a1, b1) detail ice sections from each sample. As expected, no ice-to-ice grain boundaries are visible in coarse-grained 643 (a1) whereas grain boundaries are clearly visible in fine-grained 657 (b1 and inset). The high-standing MP6-rich material in (a1) is at an ice grain boundary, not interior within the ice. In comparison, sample 657 often exhibits small amounts of MP6 within the ice domains (b1), although many sections of any given domain show ice-on-ice grain contacts with no MP6 (b1 inset). Ice grain size in 657 is fairly uniform at several microns in diameter (b1 and inset). CO 2 , partial melts) in polycrystalline rocks where the dihedral angle between fluid and matrix, driven by relative surface energies (capillary forces), is very low (Ketcham and Hobbs, 1969; Kohlstedt, 2002) . If the textural control of the MP6-rich grain boundary phase in our samples is analogous to that for grainboundary melts, then given its propensity to completely surround ice grains even at low volume fractions, the ice-MP6 grain boundary dihedral angle h must be nearly zero.
However, there are two reasons to believe the analogy to fluids in rocks may not be valid in the ice-MP6 system. The first is the lack of any sign of capillary forces affecting the kinetics of the development of textural equilibrium, in particular the lack of isolated pockets of MP6 forming at three-grain junctions or thickening of thinnest MP6 layers along a significant fraction of threegrain junctions in our samples. Fig. 8b is particularly telling in this regard: three-grain ice junctions are plainly visible as are small spheroidal masses of MP6 formed from sublimation and other surface damage processes incurred directly under the electron beam. The spheres appear to lie along grain boundaries, presumably since they are derived from grain boundary material left after ice sublimation, yet there is no clear preference for their occurrence at three-grain junctions. If capillary forces alone drive texture, then the fluid should first appear in three-grain junctions, where grain radii (and therefore ice surface energies) are highest. To the extent that a rock-fluid system of h = 0 has reached textural equilibrium, this effect may become less pronounced, but in our samples the heterogeneity of the X MP6 = 0.02 sample suggests they are not equilibrated, yet we see little sign that the MP6 layer is thicker at three-grain junctions than at two-grain junctions (i.e., grain faces). The second reason we suspect something other than capillary forces are at work is that our MP6 material is in fact a crystalline solid. According to our measurements, the eutectic composition is weak, but still distinctly non-liquid-like even at 200 K (green curve in Fig. 5 ).
Discussion
Although this investigation is preliminary and measurement uncertainties are accordingly large, two unusual phenomena are apparent: a profound mechanical weakening associated with the presence of small amounts of MP6, and a remarkable-considering that the material has been entirely below T e -texture of ice grains surrounded partially or completely by MP6-rich material in the deformed samples. These two independent observations invite speculation about a causal relationship. If such a relationship exists, the morphology of the MP6-rich grain coating suggests a weakening associated with grain boundaries. The MP6-rich material may act in some way to mechanically weaken the connection between adjacent ice grains, either via (1) normal displacement, by removing contact points in the manner of pressure solution, or (2) shear displacement, by decreasing the friction between flat surfaces or by smoothing asperities between rough surfaces.
Diffusional flow tends to follow a linear stress-strain rate relationship and can probably be eliminated as a rate-limiting mechanism. But the mutual accommodation of intergranular shear displacement (in the form of GBS) and intragranular plasticity could account for this weakening and explain the rheological similarity to pure, fine-grained ice. Our creep results at stresses <10 MPa for X MP6 = 0.05 and 0.10 exhibit both the n % 2 dependence and level of strain rate of basal slip-limited creep, as seen in pure ice of grain size <5 lm Kohlstedt, 1997, 2001) . Perhaps, then, the presence of the MP6-rich material allows large ice grains to effectively act as if they were smaller.
The one grain size comparison we have, $200 lm vs. $5 lm at X MP6 = 0.02 and 200 K (runs 643 and 657), indicates a weak but non-zero grain-size dependence that may indicate a transitioning to GBS-limited creep at the conditions of the coarse-grained sample 643. Ordinarily grain-size dependence in GBS is more pronounced than that exhibited by 643 vs. 657. Therefore we might consider the possible effect of a fixed volume of MP6: if the thickness of the grain boundary layer matters in some way for the weakening effect, an increase in grain boundary area per unit volume, which enhances GBS in pure ice, would be offset by the thinning of the grain boundary layer with decreasing grain size.
Implications for ice flow in the North Polar Layered Deposits
Although the presence of perchlorate has only been confirmed at the Phoenix landing site (68.3°N, 127.0°W) in Vastitas Borealis (Hecht et al., 2009) , modeling by Navarro-González et al. (2010) suggests that the Viking landers also detected perchlorate in Chryse Planitia (22.7°N, 48.2°W) and Utopia Planitia (48.3°N, 226.0°W). Given the pervasiveness of terrestrial perchlorate in hyperarid environments such as the Atacama Desert and the Antarctic Dry Valleys , perchlorate is likely to be widespread in the martian polar regions, where it could potentially enhance flow rates within the Polar Layered Deposits.
Whether or not the topography and stratigraphy of the NPLD is consistent with past ice flow is currently a matter of debate. Winebrenner et al. (2008) analyzed the morphology of Gemina Lingula-a lobe of the NPLD-and demonstrated that its intertrough topography can be reproduced by glacial flow. Karlsson et al. (2011) , however, concluded that the radar-detected subsurface stratigraphy of Gemina Lingula is inconsistent with the predictions of their flow modeling. In response, Winebrenner et al. (in preparation) showed that the stratigraphy of Gemina Lingula is not incompatible with a slope-dependent mass balance pattern, which they argue is more appropriate to the NPLD.
What is less contentious, though, is the widespread conclusion (Clifford et al., 2000; Greve and Mahajan, 2005; Hvidberg, 2003; Koutnik et al., 2012) that pure water ice at present-day NPLD thermal conditions (i.e., basal T b $ 185 K) is too viscous to undergo significant rates of flow. Koutnik et al. (2012) suggest that both warmer temperatures and flow enhancement (by at least a factor of 10) may be required to generate significant flow over plausible time scales. If our laboratory results can be extrapolated to low stresses and trace concentrations of MP6 ((1% by volume), then the presence of perchlorate in the NPLD could possibly provide the needed flow enhancement mechanism, particularly at slightly elevated basal temperatures (190 < T b < 210 K). Such warming could potentially result from transient subsurface heating events or increased insolation at higher obliquities (Pathare and Paige, 2005) . Moreover, if NPLD basal temperatures are elevated above the MP6 eutectic, then as Fisher et al. (2010) suggest, a perchlorate brine lubricated deformable bed may facilitate flow. A north polar flow hypothesis is therefore potentially plausible, and would be bolstered by the detection of perchlorate in the NPLD.
Conclusions
Mixtures of ice and MP6 are significantly weaker than pure ice at low stresses, and this weakening is most pronounced in material of eutectic composition. Specimens with 5% and 10% MP6 by volume exhibited low n % 2 behavior at stresses below 10 MPa, coinciding with the basal slip-limited creep of very fine-grained ice (d = 5 lm). A specimen with 2% MP6 by volume also exhibited low-n behavior at low stresses, coinciding with GBS-limited creep of ice with d = 30 lm. These observations of mixtures of ice and MP6 may be due to the weakening of ice grain boundaries by MP6, resulting in a mechanistic equivalence with pure, finegrained ice. Future creep tests on ice plus MP6 will be aimed at (1) determining the critical MP6 content required for significant weakening; and (2) probing for grain size-sensitive regimes.
Based on this preliminary work, assumptions regarding flow in the NPLD should account for the weakening of ice by MP6 and the possibility of n % 2 behavior at martian stresses ($0.05 MPa: Zwally and Saba, 1999) . If the results of our experiments can be extrapolated to low stresses and MP6 concentrations, then episodes of significant NPLD flow enhancement could result from the presence of perchlorate at slightly elevated basal temperatures.
